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ABSTRACT 
The perceived intensity of sound (loudness) has been studied for over 
one hundred and fifty years. The current experiments examine the loudness 
contrast effect, which is also known as loudness recalibration. Loudness 
recalibration was measured as a function of comparison and recalibration tone 
level using an adaptive tracking procedure. The comparison tone levels studied 
were 80, 60, and 40-dB SPL. Loudness recalibration was also measured at the 
threshold of hearing. The recalibration tone levels were 80 and 40-dB SPL. 
Loudness recalibration was measured at 500 Hz and 2500 Hz. The results 
indicate that loudness recalibration is predominately a mid-level effect. The 
tracking procedure also showed that the onset of loudness recalibration is very 
rapid. The measured magnitude of loudness recalibration was 11 dB at 500 Hz, 




A BRIEF HISTORY OF INTENSITY PERCEPTION 
Loudness Growth Functions 
The study of intensity perception (loudness) goes back to the foundations 
of experimental psychology and psychophysics some one hundred and fifty 
years ago, beginning with Fechner (see Boring 1929). Much of the early work 
on loudness focused on determining the growth function relating the loudness of 
a sound to its physical intensity. Fechner believed that a relative increase in 
loudness was proportional to a relative increase in physical intensity. This is 
Fechner's law; which postulates a logarithmic relationship between loudness 
and physical intensity. Fechner's law assumes that the jnd Oust noticeable 
difference) of physical intensity (~I) divided by physical intensity (I), ~I/I, is a 
constant (Weber's law). It also assumes that loudness can be determined by 
summing the number of jnds between the physical intensity of a sound and 
threshold (see Hartmann 1997). This in turn implies that all jnds correspond to 
the same change in loudness. 
In the one hundred years following Fechner's original work, many studies 
of loudness focused on characterizing a loudness growth function (see Stevens 
1957). One of the chief proponents in this line of research was S. S. Stevens, 
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who showed that the relationship between perceptual and physical intensity is a 
power function, rather than Fechner's logarithmic function. Steven's law makes 
the same assumptions as Fechner's law, with the exception that ~I/I is assumed 
to increase with intensity. Stevens used the method of magnitude estimation, 
which he referred to as the "direct" method of loudness measurement, to make 
the argument that ~I/I increases with stimulus level. 
Today, we still do not know the exact relationship between the perceived 
and physical intensity of sound, but we do know that both Fechner and Stevens 
were partially right. Fechner was correct to assume that ~I/I is approximately 
constant, at least for midlevel, broadband stimuli. Stevens was correct that the 
relationship between perceived and physical intensity is best thought of as a 
power function rather than a logarithmic function. However, Fechner was 
incorrect to assume that the perceived intensity can be determined by adding up 
~Is since one ~I corresponds to larger changes in perceived intensity as the 
physical intensity increases. Stevens also used the same incorrect assumption 
when he suggested that ~I/I increases with level. What Stevens was actually 
showing is that the perceived intensity increases with physical intensity. 
Loudness Additivity 
While others were concerned with deriving loudness scaling functions, 
researchers at Bell Laboratories were deriving loudness additivity relationships. 
(A good summary of this work and of loudness in general is given by All~n 
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(1996). Fletcher and Steinberg's work during the 1920's on predicting loudness 
(e.g., Fletcher and Steinberg 1924; Steinberg 1925) culminated with Fletcher 
and Munson's classic publication on loudness in 1933. Using these results, one 
could now predict the loudness of steady-state tones. Fletcher and Munson's· 
subsequent work on the critical band and its relationship to loudness (e.g., 
Fletcher and Munson 1937; Fletcher 1938) made it possible to predict the 
loudness of complex steady-state sounds having continuous spectra. The 
critical idea in their model is that the loudness of a sound is proportional to the 
area under the excitation or masking pattern across distance (frequency) in the 
cochlea. The estimate of loudness is found by integrating the excitation versus 
frequency pattern across frequency and multiplying by a constant. 
Loudness Modeling 
The present day standard for predicting loudness is the Zwicker model 
(Zwicker and Scharf 1965; Zwicker 1977; Zwicker and Fastl 1990), which is 
based on Fletcher and Munson's earlier work (1933). The steady-state version 
of this loudness model (Zwicker and Scharf 1965) is the basis of an international 
standard of loudness measurement (ISO 532 1977). The Zwicker model 
consists of four stages. The first stage uses either a free-or-diffuse field 
equalizer to represent the transfer function from the outer-to-middle ear. This 
stage also includes a highpass filter to account for the variation of equal 
loudness contours with level at low frequencies. The second stage creates a 
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spectral excitation pattern of the signal. This function can be approximated by a 
third-octave filter bank distributed across the auditory frequency range. This 
stage also transforms the linear frequency scale into the Bark scale, which is 
more closely related to auditory perception. The third stage transforms the 
excitation pattern into a specific loudness pattern. This stage can be 
implemented with an analog circuit by rectifying and compressing each output of 
the filter bank in stage two. In addition, post-masking effects is modeled in this 
stage with a level-dependent lowpass filter with separate attack and decay time 
constants. Next, a level-dependent weighting network is applied across the 
temporally-smoothed excitation pattern to create a specific loudness pattern. 
The fourth stage integrates the specific loudness pattern to create an estimate of 
the total loudness. This loudness estimate is then passed through a rectifier and 
a level-dependent lowpass filter to model temporal integration of loudness. 
Moore and Glasberg (1996, 1997) recently updated Zwicker's loudness 
model. Many of the changes incorporate our improved knowledge of hearing 
(e.g., middle-to-inner ear transfer function, partial masking, critical bandwidths at 
low frequencies). The model still has its limitations, however. For example, it 
still assumes linear auditory filters whose shapes have been estimated from 
simultaneous masking data. Also, the model still only applies to steady-state 
sounds. 
The Fletcher and Munson/Zwicker/Moore and Glasberg loudness model, 
as well as Fechner's and Stevens' loudness scaling functions, all assume static 
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representations of loudness. As pointed out by Schubert (1978) in his historical 
review of research on loudness, it is questionable whether loudness predictions 
should be based on a single, fixed scaling function. For example, Helson 
(1964), using his adaptation-level (AL) theory, suggested that the loudness of a 
sound is relative to the loudness of preceding stimuli. Marks (1979) has also 
offered a more general hierarchical model of loudness in which an initial sensory 
stage models loudness summation, and a second, cognitive stage models 
variations in loudness judgments. Both Helson's and Marks' theories attempt to 
account for data showing that the perception of loudness is dynamic or 
contextual; that is, the loudness of a sound depends on what other sounds have 
been previously presented. 
Contextual Effects on Loudness 
Contextual effects on loudness can take two opposite forms, assimilation 
and contrast. Loudness assimilation occurs when the loudness of a target 
sound is "pulled" toward the loudness of a neighboring sound, as compared to 
the loudness of the target sound in isolation. Loudness assimilation is also 
known as loudness enhancement and decrement, depending on the direction of 
the loudness change. Loudness contrast occurs when the target sound is 
"pushed" away from the loudness of a preceding sound. 
Loudness Assimilation 
Over the years, two distinct ways of conceptualizing loudness assimilation 
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have emerged. The first I will designate as "central tendency11 effects. As 
suggested by the name, this way of viewing assimilation derives from the 
tendency of psychophysical judgments to regress toward the mean as described 
by Hollingworth (1910), although in loudness perception the effect may involve 
more than just a regression effect (Elmasian, et al. 1980). Central tendency-
based loudness assimilation is considered to be a manifestation of response 
judgment assimilation (e.g., Cross 1973; Jesteadt, Luce, and Green 1977; Marks 
1993; Ward 1979, 1990) as occurs, for example, when listeners perform a series 
of loudness judgments. These studies typically use magnitude estimation 
procedures as a means of making loudness judgments with test tones of a 
duration in the range of 1-s. The resulting assimilation effect typically lasts more 
than 1-s. In addition, the effect is not frequency dependent (Ward 1990). 
The other area of loudness assimilation research, which I will designate 
as "loudness enhancement11 studies, focuses on the loudness enhancement of 
short duration tones when they are preceded by equally short "conditioner' tones 
of higher amplitude (e.g., Elmasian, et. al. 1980; Galambos, et. al. 1972; Irwin 
and Zwislocki 1971; Plack 1996; Zwislocki, et al. 197 4; Zwislocki and Sokolich 
1974). Loudness enhancement experiments tend to produce a larger effect (10-
20 dB) than central tendency experiments (5-10 dB). Another difference 
between these experiments is the duration of the conditioner and target tones 
which are much shorter in studies of loudness enhancement (typically less than 
30 ms). The interval between tones is also much shorter in these studies 
(approximately 100 ms), which is important since loudness enhancement 
disappears when the interval between tones is greater than 500 ms (Galambos, 
et. al. 1972; Irwin and Zwislocki 1971; Zwislocki, et. al. 197 4; Zwislocki and 
Sokolich 197 4). Another major difference between central tendency and 
loudness enhancement assimilation is that loudness enhancement is frequency 
dependent (Galambos, et. al 1972; Zwislocki and Sokolich 1974). Loudness 
enhancement is maximum when the conditioner tone is the same frequency as 
the target, and falls to zero when the conditioner is one octave above or below 
the target frequency. 
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There are also procedural differences between loudness enhancement 
and central tendency studies. Loudness enhancement studies typically use a 
direct comparison method to determine the loudness of the target tone. In this 
procedure, a third tone at the same frequency as the conditioner and target 
tones is presented at least 500 ms (typically 1-2s) after the target tone. The task 
of the listener is to adjust the level of the third tone to match the loudness of the 
target tone. It is assumed that the loudness of the third tone is not affected by 
the conditioner tone, which is not the case in central tendency experiments. 
Consequently, the duration of loudness enhancement effects is much shorter 
than central tendency effects. 
Different mechanisms have been proposed to account for the differences 
between central tendency and loudness enhancement effects. In general, 
central tendency effects are thought to arise from response biases in making 
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loudness judgments. Although they may contain a component of listener 
response bias, it has been proposed that loudness enhancement effects are due 
to memory and/or loudness integration interference (Elmasian, et al. 1980; Plack 
1996). Memory interference may occur when the memory of two stimuli overlap 
making it hard to separate the two events. Loudness integration interference 
may occur because some of the energy or information from each stimuli partially 
overlaps such that the loudness estimate of one tone contains energy or 
information from the other. Note that the exists of two separate interference 
effects has not been determined. At this time, it may be more appropriate to 
speak of just one interference process being the cause of loudness 
enhancement. Table 1 summarizes the differences between central tendency 
and loudness enhancement effects. Overall, it seems that the critical difference 
between central tendency and loudness enhancement assimilation is that 
loudness enhancement is created using short duration tones that are well within 
the region of temporal integration of loudness whereas central tendency studies 
use relatively long duration tones that exceed the temporal extent of loudness 
integration. 
Loudness Contrast 
Contrast is the opposite effect of assimilation. The manifestation of 
loudness contrast is known as loudness recalibration. As defined by Marks 
(1994), loudness calibration occurs when loud tones at one frequency (f1J are an 
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TABLE 1 
Comparing Two Types of Loudness Assimilation Effects 
Central Tendency Loudness Enhancement 
Experimental Magnitude Estimation Direct Comparison 
Procedure 
Test Tone Duration 0.5-1.0 s 10-20 ms 
Silent Interval Duration > 500 Ms < 125 ms 
Duration of Effect >18 < 500 ms 
Frequency No Yes 
Dependency 
Proposed Response Bias Response Bias, 
Mechanism( s) Integration 
followed by relatively quiet tones, one at the same frequency (f1) and another at 
a different frequency (f2). The resulting perception is that the quiet tones at 
frequency f 1 appear quieter than if they had not been preceded by the loud 
tones. Note that loudness recalibration is a one-way contrast effect similar to 
auditory fatigue in that loud sounds make quiet sounds even quieter, but quiet 
sounds do not make loud sounds louder. 
Loudness recalibration has been primarily studied by Marks (1988, 1992, 
1993, 1994, 1996; Marks and Warner 1991 ). In his first published work on the 
phenomenon, Marks (1988) used magnitude estimates of loudness to show that 
the loudness between two alternating tones can shift by up to 18 dB. In 1991, 
Marks and Warner showed that loudness recalibration depends on the 
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frequency difference between two tones. Loudness recalibration diminishes as 
the tones are made less than a critical band apart. A year earlier, Schneider and 
Parker (1990) were the first to show loudness recalibration using a direct 
loudness comparison procedure, which is known to be less susceptible to 
response bias than magnitude estimation procedures. This result was important 
since, at that time, Algom and Marks (1990) believed that loudness recalibration 
was due to listener response bias much like central tendency assimilation. 
Schneider and Parker suggested that loudness recalibration is due to a gain 
control mechanism whose locus is closer to the periphery, rather than the result 
of a more central response bias. Marks (1992) also used direct loudness 
comparisons which now concurred with Schneider and Parker in that the 
perception of loudness was directly modified and was not the result of listener 
response bias. At this time Marks also showed that loudness recalibration is 
dynamic, varying over time dependent on the recent stimulus history (1992, 
experiment 2). In 1993, Marks demonstrated that the contextual shift of 
loudness is assimilative when tones at only one frequency are presented (using 
a magnitude estimation procedure) and is contrastive when tones at two different 
frequencies are compared (using a paired comparison procedure). 
In 1994, Marks reviewed all of the previous work on loudness 
recalibration. In a set of seven experiments, using both magnitude estimation 
and paired comparison procedures, he showed that: 
1. Loudness recalibration depends on the frequency difference between 
tones with little or no recalibration with close frequencies and maximum effect 
when the frequency spacing between tones is beyond a critical bandwidth. 
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2. Given a pair of frequencies spaced slightly more than a critical 
bandwidth apart (1002 Hz and 1248 Hz), and a set of levels known to generate 
loudness recalibration, increasing the intensity of the tones eliminated 
recalibration. 
3. After increasing the frequency spacing to over 2 octaves (500 Hz and 
2500 Hz), increasing the intensity produced little reduction in recalibration. 
The above evidence suggests that the effect may derive from fatigue-like 
changes in the outputs of frequency-specific channels; channels that are 
subsequently used to derive our perception of loudness (Marks 1994, 1996). 
Since at least a portion of the effect is also produced contralaterally (Marks 
1996), the locus must be beyond the point of binaural convergence; although it 
probably occurs at an earlier stage than central tendency-based assimilation 
effects. 
Loudness Adaptation 
Another fatigue-like effect on loudness is loudness adaptation (see Scharf 
1983). Loudness adaptation is operationally defined as a decrease in the 
loudness of a steady sound and is generally thought to be due to peripheral 
processes. Three general forms of loudness adaptation have been identified 
(see Scharf 1996): 
1. Simple loudness adaptation occurs when a steady tone is less than 
approximately 30-dB sensation level (SL) or is at a frequency greater than 
approximately 12 kHz. 
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2. Contralaterally induced adaptation occurs when a steady tone is 
presented to one ear is made to decrease in loudness by the presentation of an 
intermittent sound in the opposite ear. 
3. lpsilaterally induced adaptation occurs when a steady tone in one ear 
is accompanied by a louder, intermittent sound in the same ear. 
The manifestation of loudness adaptation most like loudness recalibration 
is decruitment, a form of self-induced adaptation that occurs when steady 
sounds continuously decrease in level (Canevet and Scharf 1990, Schlauch 
1992). Decruitment is thought to be due to a combination of simple and 
ipsilaterally induced adaptation. Although the largest effects of decruitment 
occur for continuously decreasing sounds, decruitment is also exhibited with 
intermittent sounds. One difference between decruitment and loudness 
recalibration is that decruitment does not transfer interaurally (Schlauch 1992) 
while loudness recalibration does (Marks 1996). 
CHAPTER II 
PURPOSE 
As is typical when a new phenomenon is first being uncovered, most of 
the research on loudness recalibration has been concerned with determining the 
conditions that produce the effect (e.g., Marks 1988, 1992, 1993; Marks and 
Warner 1991 ). For example, in most loudness recalibration studies listeners 
were presented a range of stimulus levels using the method of paired 
comparisons (see Stevens 1951 ). Although this procedure is useful for 
detecting the presence of loudness recalibration and has yielded knowledge of 
frequency dependencies, it cannot tell us how the actual magnitude of loudness 
recalibration varies with stimulus intensity and time. The purpose of this thesis 
is to increase our understanding of loudness recalibration by determining how it 
varies as a function of comparison tone and "recalibration" or "conditioner" level. 
To accomplish this, a randomized, adaptive two-track procedure (Jesteadt 1980) 
is used to make direct loudness comparisons. Loudness recalibration is 
measured using a sequence of baseline loudness comparison trials at a 
particular level that are immediately followed by a sequence of loudness 
comparison trials at the same level in which each comparison is preceded by a 
high-level recalibration tone of known frequency and intensity. In this manner, 
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the amount of loudness recalibration can be directly related to the levels of the 
comparison and recalibration tones. In addition, the tracking procedure also 
measures the temporal properties of the onset of loudness recalibration. 
14 
CHAPTER Ill 
EXPERIMENT I - LOUDNESS RECALIBRATION VS. LEVEL 
Method 
In this experiment a randomized adaptive two-track (one-up two-down, 
two-up one-down) procedure (Jesteadt 1980) was used to estimate the equal 
loudness point on the psychometric function. Each trial consisted of a fixed level 
tone at one frequency followed by a roving tone at another frequency whose 
level varied from trial-to-trial depending on the previous response of the listener. 
For the one-up two-down track, if the listener indicated that the roving tone was 
quieter than the fixed tone, the level of the roving tone was raised in the 
subsequent trial for that track. The level of the roving tone was lowered if the 
listener indicated that the roving tone was louder than the fixed tone in two 
consecutive trials for that track. The action of the 2 up-1 down track was similar 
to the 1 up-2 down track except that it took two consecutive responses indicating 
that the roving tone was quieter in order to increase its level on the next trial, but 
only one response indicating that the roving tone was louder to decrease its 
level. During the experiment, each trial was randomly chosen from either the 1 
up-2 down or the 2 up-1 down sequence. The 71 percent point on the 
psychometric function was estimated by averaging the reversal points (i.e., the 
15 
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points where the roving tone tracking level changes direction) in the 1 up-2 down 
sequence (Levitt 1971 ). Similarly, averaging the reversal points in the 2 up-1 
down sequence produced an estimate of the 29 percent point on the 
psychometric function. The point of equal loudness (i.e., 50 percent point on the 
psychometric function) was estimated by averaging the 71 and 29 percent 
points. 
Listeners compared the loudness of 500 Hz and 2500 Hz diotic tones 
presented over headphones. An experimental sequence began with 80 baseline 
trials ( 40 for each track). During each baseline trial, the fixed level tone was 
presented followed by the roving level tone. The duration of each tone was 500 
ms with 10 ms cosine2 onset and offset windowing. A 500-ms silent gap was 
inserted between tones. Listeners were provided visual reinforcement when 
each tone was presented. After the second tone listeners were asked which 
tone was louder. Listeners responded by pressing "1'1 on the keyboard if they 
thought that the first tone was louder or "2" if they thought the second tone was 
louder. A 1-s delay was inserted after each response before the next trial 
began. The 80 baseline trials were immediately followed by 80 additional trials 
(40 per track) in which a recalibration tone preceded each loudness comparison. 
The duration of the recalibration tone was 1-s, and was followed by 1-s of 
silence before the start of the fixed level tone. Otherwise, the recalibration trials 
were identical to the baseline trials. The frequency of the recalibration tone was 
identical to the fixed level tone. 
17 
A total of eight conditions were tested. In half of the conditions the 500 
Hz tone was fixed while the 2500 Hz tone roved, and vice versa in the other half 
of the conditions. In six of the eight conditions, the recalibration tone level was 
set to 80-dB SPL and the fixed level was 40 or 80-dB SPL. In the other two 
conditions, the recalibration level was set to 40-dB SPL and the fixed level was 
80-dB SPL. At the beginning of each experimental sequence, the level of the 
roving tone was set 10 dB above the fixed tone level for the upper level (1 up-2 
down) sequence and 10 dB below the fixed tone level for the lower level (2 up-1 
down) sequence. The step size of the roving tone was initially set to 4 dB and 
was then reduced to 2 dB after four reversals. After each experimental run the 
average loudness comparison level was computed for the baseline sequence 
and the recalibration sequence by taking the average of the 71 and 29 percent 
point estimates from the upper and lower tracks, respectively. The amount of 
loudness recalibration for each experimental run was the average baseline 
sequence level minus the average recalibration sequence level. The jnd for both 
the baseline and recalibration sequences was calculated as the difference 
between the 71 and 29 percent points divided by 2. 
A slightly different procedure was used to measure loudness recalibration 
at threshold. On every trial, two 1-s intervals were presented (separated by 1-s 
of silence) in which only one randomly chosen interval contained a tone. The 
listeners task was to determine which interval contained the tone. If the listener 
was correct in two consecutive trials, the level of the tone was reduced in the 
following trial. But if the listener was incorrect, the level of the tone was 
increased in the next trial. Forty baseline trials were followed by 40 trials in 
which a 1-s, 80-dB SPL recalibration tone followed by 1-s of silence preceded 
the presentation of the two intervals. The stimulus intervals were marked on a 
computer screen. Feedback was also provided via the computer screen 
indicating whether their responses were correct or not. 
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Eight naive, paid listeners participated in the experiment. Prior to the 
start of the experiment, listeners were given written and verbal instructions 
describing the task they were to perform. An example of the written instructions 
is shown in Appendix A. The entire sequence of 160 trials lasted approximately 
nine minutes. The threshold procedure (80 trials) lasted approximately six 
minutes. In a typical session, listeners worked in pairs taking turns running the 
experiment. When a listener could not be paired, they were instructed to take at 
least a five-minute break before beginning another experimental run. In a typical 
day, each listener ran three or four randomly assigned conditions over a ninety-
minute period. Each listener ran each of the eight conditions at least ten times 
over the entire experiment. 
The experiment was performed in IAC sound isolation booths. The test 
tones were created using Tucker-Davis instrument modules PA4, PF1, and DD1, 
and presented through Sennheiser HD-520 II headphones. The test tones were 
digitally generated using a sampling frequency of 16 kHz and anti-aliasing filters 
with a cutoff frequency of 7 kHz. The equipment was controlled with a PC-
compatible computer (Gateway PS-75). The computer also recorded listener 
responses and provided visual reinforcement during the experiment. 
Results 
The results of experiment I are shown in Table 2. The mean and 
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standard deviation for each listener and condition, along with the baseline and 
recalibration sequence jnds, are shown in each column. Each row represents 
the overall results for each listener. The first column in Table 2 is the average of 
the standard deviations over all of the conditions for each listener. This provides 
a measure of "consistency" for each listener. Interim consistency measures 
were used on a weekly basis to provide feedback to listeners as to how well they 
were performing. The second to the last row of Table 2 contains the mean 
values for each column. The last row is the standard error of the mean for each 
condition. Note that one listener (A2) dropped out of the experiment before she 
could finish. Consequently, the results of this experiment are based on data 
from seven listeners instead of eight. 
The first important result of this experiment is that two listeners (J1 and 
81) were significantly less consistent than the other five listeners. An analysis of 
individual trial run data reveals that some of their trial runs were widely divergent 
in that upper and lower tracks were very far apart and have very few reversals. 
This creates relatively large negative or positive estimates of loudness 
recalibration for that particular trial. It seems that listeners (especially J1. and 
TABLE 2 
Summary Recalibration Data (In dB) in Experiment 1 Over All Listeners Prior to Outlier Removal 
freauencv 500 Hz 
condition (recal. 
"consistency" lvl./comp. lvl.) 80180 40/80 
avg. std. listener mean std. basejnd recal ind mean std. base ind 
6.66 J1 10.07 12.33 2.48 -0.24 5.94 6.42 3.33 
3.21 M1 6.78 3.05 0.65 2.13 1.87 4.41 2.18 
2.75 A1 -0.40 4.66 1.72 1.35 4.52 2.96 2.59 
3.49 P1 4.28 1.35 0.97 1.19 3.79 4.69 3.24 
10.01 S1 2.94 13.77 12.87 7.75 3.63 6.15 4.70 
2.68 B1 3.17 3.11 0.75 1.16 3.82 2.75 1.78 
3.26 C1 2.67 5.11 3.56 1.94 4.02 1.16 2.39 
4.58 AVERAGE 4.21 6.20 3.29 2.18 3.94 4.08 2.89 
STANDARD ERROR OF MEAN 1.27 0.46 
threshold/ 
80 80/40 
mean std. mean std. base ind recal jnd 
-1.64 2.41 1.35 5.22 0.85 2.58 
0.34 2.54 2.93 4.81 1.18 2.41 
-0.47 1.39 -4.85 5.09 1.14 0.69 
-1.24 2.68 2.46 3.58 1.20 1.72 
0.81 4.70 1.05 13.23 11.39 10.65 
-1.27 2.92 0.46 3.69 1.04 1.48 
-3.21 2.75 -1.25 8.28 2.49 3.10 
AVERAGE -0.95 2.77 0.31 6.27 2.76 3.23 















mean std. base ind recal ind mean std. basejnd recal jnd 
-3.22 14.48 5.11 1.25 3.69 6.01 2.79 5.13 
-0.24 1.12 1.65 1.10 0.09 5.16 3.16 3.64 
-0.01 1.49 1.05 0.36 3.28 2.88 1.57 1.82 
2.70 6.86 1.34 2.99 6.06 3.45 3.49 5.22 
2.21 13.90 9.48 7.09 4.40 14.99 5.63 10.43 
-1.14 1.05 0.52 0.26 8.68 3.40 1.90 2.26 
0.24 1.42 1.30 1.50 1.63 1.98 1.53 2.65 
AVERAGE 0.08 5.76 2.92 2.08 3.98 5.41 2.87 4.45 
STANDARD ERROR OF MEAN 0.75 1.07 
threshold/ 
80 80/40 
mean std. mean std. basejnd recal ind 
-1.75 1.67 -1.46 4.75 2.10 1.39 
0.67 2.87 -3.31 1.75 1.31 0.94 
1.60 2.53 0.04 0.99 0.68 0.64 
0.19 2.96 -0.22 2.34 1.77 2.14 
1.38 4.07 4.85 9.29 4.51 9.21 
1.65 3.67 -1.24 0.84 0.35 0.46 
0.38 3.37 0.01 1.97 1.43 1.82 
AVERAGE 0.59 3.02 -0.19 3.13 1.73 2.37 
STANDARD ERROR OF MEAN 0.45 0.95 
I\) 
-lo. 
81) were not always performing to the best of their ability. Thus, the results of 
the experiment are "contaminated" with noisy trial data where listeners were 
either guessing or not trying very hard. 
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In order to make the results less noisy, individual trial results in every 
condition that were more than two standard deviations from the mean for that 
listener were removed. Fortunately, most of the data were consistent and not 
many trial results had to be discarded. The amount of data removal for each 
listener within a particular condition ranged from five to twenty-five percent over 
all of the conditions and listeners. The result of this data pruning is shown in 
Table 3. Note that each listener's data have been made more consistent and 
that the overal I average measure of consistency has been cut by more than half 
of its original value. 
The overall mean and standard error of the mean (SEM) of loudness 
recalibration for each condition is plotted in Figure 1. Note that only the 40-dB 
SPL comparison level conditions exhibited substantial loudness recalibration 
(approximately 5 dB at each frequency) and that these conditions also produced 
larger jnds (see Fig. 2). There was no appreciable recalibration at the 80-dB 
SPL condition, at threshold, or when the recalibration tone level was less than 
the comparison tone level. 
The mean baseline and recalibration sequence jnds for each condition 
are plotted in Figure 2. This plot illustrates that jnd decreases with increasing 
comparison level. This trend is consistent with other studies of intensity 
TABLE 3 
Summary Recalibration Data (In dB) in Experiment 1 Over All Listeners After Outlier Removal 
frequency 500 Hz 
condition (recal. 
"consistency" lvl./comp. lvl.) 80/80 40/80 
avg. std. listener mean std. basejnd recal jnd mean std. basejnd 
3.02 J1 2.73 1.19 2.92 2.02 6.17 3.03 3.49 
1.79 M1 6.21 2.73 0.76 1.92 4.40 2.41 2.36 
1.70 A1 0.40 3.38 1.46 1.20 4.52 2.96 2.59 
1.63 P1 3.27 0.69 0.89 0.91 3.79 4.69 3.24 
3.04 51 0.42 3.55 13.91 13.88 6.21 3.33 5.78 
2.00 B1 1.81 2.58 0.90 1.38 4.28 2.81 1.86 
2.63 C1 1.31 3.86 3.60 1.79 4.02 1.16 2.39 
2.26 AVERAGE 2.31 2.57 3.49 3.30 4.77 2.91 3.10 
STANDARD ERROR OF MEAN 0.77 0.38 
threshold/ 
80 80/40 
mean std. mean std. basejnd recal jnd 
-1.64 2.41 0.51 4.81 0.85 2.43 
-0.71 1.56 2.92 2.74 0.69 2.22 
-1.26 0.55 -3.05 2.35 1.08 0.80 
-2.20 1.61 1.36 1.36 0.54 0.76 
1.87 2.31 4.19 3.43 4.07 1.60 
-1.29 3.07 -0.51 3.50 1.12 3.22 
-2.52 2.35 -1.90 5.23 3.00 3.00 
AVERAGE -1.11 1.98 0.50 3.35 1.62 2.53 















mean std. base ind 
1.02 2.00 1.46 
-0.19 1.00 1.21 
0.27 1.35 0.90 
0.06 0.91 1.33 
2.39 1.44 6.72 
-0.80 0.87 0.58 
0.24 1.42 1.30 
AVERAGE 0.43 1.29 1.93 
STANDARD ERROR OF MEAN 0.39 
threshold/ 
80 80/40 
mean std. mean 
-0.55 1.68 -1.70 
-0.42 1.25 -3.31 
0.31 0.75 0.05 
0.95 0.65 -1.29 
-0.64 0.84 1.38 
1.41 1.62 -1.03 
0.38 3.37 0.01 
AVERAGE 0.20 1.45 -0.84 
STANDARD ERROR OF MEAN 0.30 0.57 
40/80 
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discrimination (e.g., Jesteadt, Wier, and Green 1977). One difference between 
these studies is that the average basline jnd is larger in the current study (about 
3 dB) as compared to those reported by Jesteadt, et al (about 0.75 dB). This 
difference could be attributed to the fact that the Jestead et al study measured 
intensity discrimination jnds using one frequency, which is an objective measure, 
whereas the loudness jnds measured in this experiment used two frequencies, 
which is a subjective measure. Other results worth noting are the larger jnds for 
the 500 Hz, 80/80 condition and the increase in jnd for the 40/80 recalibration 
conditions as compared to the preceding baseline conditions. 
Discussion 
The results suggest that loudness recalibration is a midlevel effect. This 
is not too surprising since loudness recalibration would not be expected when 
two tones are presented at the same level and frequency as is the case in the 
80-dB comparison level condition. Likewise, the results of the threshold 
conditions are anticipated in lieu of the fact that the procedure measuring 
loudness recalibration at threshold is identical to that used in forward masking 
experiments (see Moore 1989). In relation to forward masking experiments, the 
recalibration tone acts as the masking tone and the roving tone acts as the 
probe tone. Such experiments are known not to produce a threshold shift when 
the gap between the masker and probe tone is 1-s (see Moore 1989). However, 
the absence of loudness recalibration at threshold provides evidence as to the 
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relative location of loudness recalibration. Assume that loudness recalibration 
consists of a gain control mechanism and the noise floor of the auditory hearing 
system can be modeled as additive noise. Given these assumptions, this result 
implies that the dominant source of noise in the auditory hearing system 
precedes the gain mechanism producing loudness recalibration. If the noise 
source followed the gain control, a gain change would have attenuated the 
signal but not the noise thereby producing a temporary threshold shift (TTS). In 
addition, the lack of loudness recalibration at threshold provides further 
evidence distinguishing loudness recalibration from loudness adaptation since 
adaptation is known to produce TTS. 
As for the temporal nature of loudness recalibration, an example of the 
onset of loudness recalibration is illustrated in Figure 3. These data are taken 
from a typical trial sequence of the 40-dB SPL comparison level condition. Note 
that the onset of loudness recalibration beginning at trial number 40 (as 
measured by the two-up one-down sequence) is very fast. In fact, it is likely that 
it is faster than what this experimental procedure is capable of measuring. All of 
the trial sequences in which loudness recalibration was exhibited display the 
same rapid onset of loudness recalibration. 
Other aspects of this experiment are worth noting. For instance, one 
anomaly in the data is the small amount of loudness recalibration (approximately 
2 dB) at the 80-dB SPL comparison level at 500 Hz. Note that this condition also 
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could be attributed to a small amount of adaptation (see Batte and Monikheim 
1994) since listeners are exposed to a relatively large amount of low frequency 
energy at this condition. (Loudness adaptation is known to depend on the 
intensity and duration (i.e., energy) of the stimulus (see Scharf 1983)). The 
initial evidence contradicts this hypothesis since there is no effect at threshold. 
However, a closer examination of the experimental procedures reveals a large 
difference in the amount of energy delivered to the ear between the 80-dB SPL 
comparison condition and the corresponding threshold condition. In the 
threshold condition, only 40 1-s tones at 80-dB SPL were presented during a 
single trial run. In the comparison condition, since there were two tracks and 80-
dB SPL tones were also presented during the baseline sequence, 80 1-s tones 
and 160 500-ms tones at 80-dB SPL were presented during a trial run. Thus, 
four times more energy (at 80-dB SPL, 500 Hz) was delivered to the ear during 
the 80-dB SPL comparison condition as compared to the corresponding 
threshold condition. Furthermore, an analysis of individual trial sequences for 
the 80-dB SPL, 500 Hz comparison tone condition reveals that the measured 
loudness recalibration is due to a gradual decline in loudness matching 
throughout the entire experimental sequence rather than an abrupt decline at the 
beginning of the recalibration sequence as illustrated in Fig. 3 for the 40-dB SPL 
comparison tone condition. Perhaps the threshold condition would exhibit a 
similar adaptation-like effect if the duration of the recalibration sequence was 
increased so as to match the amount of high level energy as presented during 
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the 80-dB SPL comparison condition. 
Another result worth noting is the condition where the comparison tone 
level was greater than the recalibration level. This condition was used to verify 
that loudness recalibration is only a fatigue-like contrast and does not create 
enhancement-like contrast. Although some individuals did show an 
enhancement-like effect (e.g., listeners A1 at 500 Hz and M1 at 2500 Hz}, 
overall there is no net contrast or assimilation at this condition. 
The results of this experiment demonstrate that loudness recalibration 
can be obtained using an adaptive tracking procedure. However, the overall 
amount of loudness recalibration produced in the 40-dB SPL condition (10 dB) is 
still less than that produced by Marks (15-22 dB). Summarizing earlier work on 
loudness recalibration, Marks (1996) claimed an average loudness recalibration 
effect of 16 dB, 8 dB at each frequency. In one particular experiment (Marks, 
1994, experiment 2), an average of 22-dB of loudness recalibration was 
obtained using the same frequencies as the current experiment. The next 
experiment is a replication of Marks' 1994 experiment 2. The purpose of this 
experiment was to determine if our listeners could achieve similar amounts of 
loudness recalibration. 
CHAPTER IV 
EXPERIMENT II - LOUDNESS RECALIBRATION USING 
METHOD OF PAIRED COMPARISONS 
Method 
This experiment is a replication of one of Marks' earlier experiments 
(1994, experiment 2). In this experiment, listeners compared the loudness of 
500 Hz and 2500 Hz tones using the method of paired comparisons. In 
condition A, the level of the 500 Hz tone took on any of the following eight SPLs: 
35, 40, 45, 50, 55, 60, 65, 70. The level of the 2500 Hz tone was taken from a 
similar set of eight SPLs shifted up 15 dB (50 to 85 dB) relative to the 500 Hz 
tone levels. In condition B, the set of SPLs of the 500 Hz tone were increased 
by 20 dB (55 to 90 dB) and those of the 2500 Hz tone decreased by 20 dB (30 to 
65 dB). During each experimental run 384 pairs of tones were compared with 
each other; each randomly chosen from a set comprised of 6 replicates of the 64 
possible pairings. Half of the listeners performed condition A then condition B, 
and the other half performed condition B first then condition A. Each listener 
had a fifteen-minute break between conditions. 
During each trial, the order of presentation of the 500 Hz and 2500 Hz 
tones was randomly chosen. The duration of each tone was 1-s with 1 O ms 
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cosine2 onset and offset and 500 ms of silence between tones. Listeners were 
provided visual reinforcement when each tone was presented. After the second 
tone the listener was asked which tone was louder. A 1-s delay was inserted 
between each trial. The entire sequence of trials lasted approximately 30 
minutes. Eight na"ive, paid listeners participated in the experiment. Out of the 8 
listeners, 3 (A1, 81, C1) also participated in experiment I. The equipment used 
in this experiment was identical to that used in experiment I. 
Results and Discussion 
The psychometric functions for conditions A and B are plotted Figures 4 
and 5, respectively. Each point in Figures 4 and 5 represents the proportion of 
trials the 2500 Hz tone was judged louder than the 500 Hz tone over all of the 
listeners for that condition. Each curve in these figures is a logistic curve fit of 
the data points for a particular 500 Hz condition. The 50 percent point on the 
psychometric function for the overlapping conditions is obtained by using the 
fitted logistic equation to solve for the level of the 2500 Hz tone required to make 
the logistic equation equal 0.5. The amount of loudness recalibration is then 
found by taking the difference between the 50 percent points in the 
corresponding A and B conditions. 
The amounts of loudness recalibration for the four overlapping conditions 
are shown in Table 4. The results from Marks' experiment are shown in Table 5. 
Although there are some minor differences in the equal loudness points between 
1 -
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Results of Loudness Matching in Experiment 2 
Condition A, Condition B, Difference Between 
Matching Level of 2500 Matching Level of Condition A and B 
Hz Tone When at High 2500 Hz Tone When (Loudness Recalibration, dB) 
Levels at Low 
(dB SPL) Levels 
(dB SPL) 
74 54 20 
69 47 22 
63 43 20 
60 39 21 
Average: 20. 75 
TABLE 5 
Results of Marks 1994 Loudness Matching Experiment Number 2 
Condition A, Condition B, Matching Difference Between 
Matching Level of 2500 Hz Level of 2500 Hz Tone Condition A and B 
Tone When at High When at Low Levels (Loudness Recalibration, dB) 
Levels (dB SPL) (dB SPL) 
77 55 22 
72 52 20 
66 44 22 
61 38 23 





these two experiments, the overall amounts of loudness recalibration are almost 
identical. 
Experiment II produced significantly more loudness recalibration than 
experiment I. What factors could account for this difference? There are four 
primary differences between experiment I and experiment II: 
1. Experiment II used a larger range of levels from 30 to 90-dB SPL. 
2. The duration of tones in experiment II were longer (1-s). 
3. The levels where equal loudness points were measured ranged from 55 to 
70-dB SPL in experiment II. This is a higher comparison level than the level 
( 40-dB SPL) in the condition that produced loudness recalibration in 
experiment I. 
4. Experiment II used the method of paired comparisons rather than an adaptive 
procedure. 
The first two differences along with the longer total experimental 
sequence duration resulted in more overall signal energy in experiment II than in 
the adaptive tracking procedure in experiment I. However, difference 3 suggests 
that there may be increased loudness recalibration at higher comparison levels. 
The next experiment addresses this third difference by repeating experiment I, 
but including 60 and 70-dB SPL comparison level conditions. 
CHAPTERV 
EXPERIMENT Ill - LOUDNESS RECALIBRATION 
VS. LEVEL, PART TWO 
Method 
The experimental procedure in experiment Ill was identical to experiment 
I except that 60 and 70-dB SPL comparison tone level conditions were added 
and the 40-dB SPL recalibration tone condition and the threshold condition were 
dropped. Four of the listeners (K1, J2, H1, K3) who participated in experiment II 
also participated in this experiment. 
Results and Discussion 
The results of experiment Ill are shown in Table 6 in the same format as 
Table 2 for experiment I. As in experiment I, although most of the data are 
consistent within each listener, individual trial results that are greater than two 
standard deviations from the mean (for that condition and listener) were 
discarded. The revised results after data pruning are shown in Table 7. The 
overall mean and standard error of the mean of loudness recalibration are 
plotted for each condition in Figure 6. The mean jnds are plotted in Figure 7. 
The first issue to address is to compare the results of the identical 80 
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TABLE6 
Summary Recalibration Data (In dB) in Experiment 3 Over All Listeners Prior to Outlier Removal 
frequency 500 Hz 
consistency 







std. listener jnd jnd jnd 
3.32 K1 4.00 1.12 0.70 0.94 7.28 1.84 0.67 
5.30 J2 5.58 8.24 2.08 2.98 4.98 12.64 -2.26 
2.13 H1 6.67 1.06 0.99 1.37 11.42 3.66 2.02 
2.60 K3 5.61 2.44 1.55 1.92 11.15 7.45 2.89 
3.34 AVERAGE 5.46 3.22 1.33 1.80 8.70 6.40 0.83 






jnd jnd jnd 
10.30 5.22 0.94 2.57 5.21 6.15 1.98 
13.33 4.03 1.10 2.34 1.80 4.95 1.87 
10.07 4.24 0.65 1.43 1.69 1.56 1.20 
9.16 1.76 1.89 2.79 1.50 1.64 3.18 
AVERAGE 10.72 3.81 1.14 2.28 2.55 3.57 2.06 

















5.05 3.81 3.90 0.84 
3.01 -0.70 5.37 0.95 
1.38 0.75 1.32 0.61 
2.66 -2.23 2.83 3.13 
3.03 AVERAGE 0.41 3.35 1.38 
STANDARD ERROR OF MEAN 1.29 
60/80 
std. base mean jnd 
12.99 4.88 1.33 
1.21 2.26 1.21 
5.12 1.24 0.92 
4.72 0.89 0.89 
AVERAGE 6.01 2.32 1.08 




















































Summary Recalibration Data (In dB) in Experiment 3 Over All Listeners After Outlier Removal 
freauency 500 Hz 
consistency 
condition 80/80 70180 








ind ind ind ind 
2.12 K1 4.19 1.05 0.75 0.90 8.23 0.92 0.78 0.95 
2.72 J2 2.20 5.26 1.41 3.50 14.29 2.42 2.34 2.53 
1.63 H1 6.67 1.06 0.99 1.37 13.53 1.52 2.39 1.75 
1.65 K3 5.61 2.44 1.55 1.92 9.83 4.15 3.31 4.21 
2.03 AVERAGE 4.66 2.45 1.18 1.92 11.47 2.25 2.20 2.36 










11.38 4.68 0.76 2.23 5.37 3.35 2.25 
13.33 4.03 1.10 2.34 1.12 4.75 1.47 
10.52 4.23 0.90 1.46 1.69 1.56 1.20 
9.62 1.37 1.54 3.03 1.88 1.31 3.17 
AVERAGE 11.21 3.58 1.07 2.26 2.52 2.74 2.02 










4.58 1.88 2.26 0.63 
3.03 1.87 1.70 1.31 
1.38 0.75 1.32 0.61 
2.60 -0.87 0.89 2.76 
2.90 AVERAGE 0.91 1.54 1.33 





14.03 1.94 1.12 
2.05 1.66 1.19 
5.12 1.24 0.92 
4.72 0.89 0.89 
AVERAGE 6.48 1.43 1.03 





1.55 11.77 4.41 
0.76 0.03 1.23 
0.28 1.77 1.83 
1.09 -1.75 2.60 






1.33 5.14 2.77 
0.95 2.12 1.93 
1.31 5.87 2.13 
1.50 0.29 2.14 
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and 40-dB SPL comparison tone level conditions in experiments I and Ill. At the 
80-dB SPL comparison tone level, both experiments show the same general 
trend in that more loudness recalibration was exhibited at 500 Hz as compared 
to the same condition at 2500 Hz. However, at the 40-dB SPL comparison tone 
level, listeners in experiment I exhibited more loudness recalibration (5.3 dB) 
than listeners in experiment Ill (2.9 dB), averaged over both frequencies. One 
potential problem with the 40-dB SPL test condition is that some listeners make 
equal loudness judgments at a lower SPL at one of the frequencies. Three of 
the four listeners (J2, H1, K3) in experiment Ill were matching 40-dB SPL, 500 
Hz tones during the baseline sequence at a level less than 30-dB SPL at 2500 
Hz. These listeners also showed reduced loudness recalibration at this 
condition. Listener K1, on the other hand, matched levels very close to 40-dB 
SPL at both frequencies and also exhibited more loudness recalibration at levels 
similar to experiment I. Thus, it could be coincidental that the majority of 
listeners who were drawn for this experiment have a somewhat large loudness 
matching imbalance at 40-dB SPL at 500 Hz and 2500 Hz. This imbalance 
could be the reason for the reduced level of loudness recalibration in this 
experiment at this condition. 
The mean jnds plotted in Figure 7 decrease with increasing level 
showing the same trend as seen in Figure 2 for experiment I. The increase in 
jnd for the recalibration sequences exhibited in experiment I (when loudness 
recalibration is manifested) is also apparent in this experiment. The overall jnds 
are approximately 1 dB smaller than the identical conditions (80/80, 40/80) in 
experiment I which puts them more in line with those of Jesteadt, Wier, and 
Green (1977). 
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The largest amounts of loudness recalibration were produced at the 60 
and 70-dB SPL comparison levels at 500 Hz. The results at these two 
conditions are in agreement with the amount of loudness recalibration generated 
in experiment II and with Mark's earlier studies. Combining both frequencies at 
these conditions, the average amount of loudness recalibration is about 15 dB. 
This amount is 7 dB less than that obtained in experiment II; the difference being 
due to significantly less loudness recalibration at 2500 Hz. Note, however, that 
listener K1 produced a level of loudness recalibration in line with experiment II at 
the 70 and 60-dB SPL comparison levels at both frequencies. Again, perhaps 
the reduced level of loudness recalibration was the result of a loudness 
matching imbalance in the majority of the listeners. It is also possible that the 
larger amount of loudness recalibration in experiment II was due to the overall 
higher SPL in experiment II (90, 95-dB SPL in experiment II vs. 80-dB SPL in 
experiments I and Ill). As for the difference between the results at 500 Hz and 
2500 Hz, it appears that loudness recalibration is frequency dependent with a 
larger effect at lower frequencies. 
There is one other outcome of this experiment that deserves mentioning. 
Notice the relatively large standard error of means obtained in the 70-dB SPL 
comparison conditions, especially at 2500 Hz. Specifically, there was a variation 
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of over 7 dB in the 500 Hz condition and 10.5 dB in the 2500 Hz condition 
across the four listeners at this comparison level. In fact, the net loudness 
recalibration for listener K3 at the 70-dB SPL, 2500 Hz condition is negative, 
meaning that loudness assimilation was exhibited rather than recalibration. It is 
possible that loudness assimilation effects may be interacting with loudness 
recalibration. In other words, some listeners have more difficulty ignoring 
recalibration tones when the comparison tone level is relatively near in level to 
the recalibration tone level. The 80-dB SPL recalibration tone may have 
"interfered with" or "integrated into" the 70-dB SPL comparison tone. This would 
lead to higher loudness level comparisons during the recalibration portion of the 
trials and, consequently, lower measurements of loudness recalibration. The 
wide variability could be due to loudness assimilation being a relatively high 
level attentional process that listeners have some control over. In addition, 
some listeners may be better at ignoring the recalibration tone than others. This 
hypothesis predicts that the variability of loudness recalibration is low when the 
recalibration tone and comparison tone level are equal in level, becomes 
relatively large at moderate differences in level, and then decreases again as 
the difference between the recalibration tone and comparison tone level grows 
larger. (At large differences in level, two tones sound more like separate entities 
thereby producing less assimilation.) Indeed, this is the trend as seen in Table 
7. Evidence for attentional effects on loudness has been provided by Schlauch 
(1992), who showed that less loudness adaptation was exhibited when rating the 
48 
loudness of a continously decreasing tone if the listener's attention was diverted 
between loudness judgements. 
CHAPTER VI 
SUMMARY 
Loudness recalibration is a mid-level effect; relatively little recalibration 
is exhibited when the comparison tone level equals the recalibration tone level 
or at threshold. That loudness recalibration is absent at threshold further 
distinguishes it from loudness adaptation. This also suggests that the locus of 
loudness recalibration is past the point of the dominant noise source in the 
hearing mechanism. 
Experiment Ill demonstrates that an adaptive tracking procedure can 
generate as much loudness recalibration as the paired comparison procedure in 
experiment II, at least at 500 Hz. It is possible that the larger levels in 
experiment II (90, 95-dB SPL) created more loudness recalibration than the 80-
dB SPL recalibration tone level used in experiments I and Ill. The higher levels 
may have also produced a small amount of adaptation, thereby producing more 
apparent loudness recalibration. This may also explain the small (yet nonzero) 
amount of loudness recalibration at the 500 Hz, 80-dB SPL comparison level 
condition. Overall, loudness recalibration appears to be frequency dependent 
since more recalibration was produced in the 500 Hz conditions as compared to 
the corresponding 2500 Hz conditions. Note that the adaptive tracking 
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procedure also revealed that the temporal onset of loudness recalibration is very 
rapid; so rapid that the tracking procedure was not fast enough to measure it. 
Although loudness contrast (recalibration) and assimilation (central 
tendency) are manifested using tones of similar duration, they are opposite 
effects that may be due to separate mechanisms. Loudness recalibration may 
be a gain control-type mechanism that directly affects the activity in frequency-
specific neural channels. Loudness assimilation, on the other hand, may be a 
listener response bias effect caused by memory interference or integration 
mechanisms; effects that are strongest when tones at the same frequency and 
only moderately different in level are competing for attention. The magnitude of 
central tendency-based loudness assimilation may depend on how well listeners 
can ignore prior stimuli when making loudness comparisons. This would explain 
the wide variability of loudness comparisons when the comparison tone level 
(70-dB SPL) was relatively close to the recalibration tone level (80-dB SPL). 
Some listeners may be better than others at ignoring the interfering recalibration 
tone when making loudness judgments of subsequent comparison tones. 
Further experiments should be run in an attempt to separate these two effects. 
In addition, it would also be informative to carry out additional loudness 
recalibration experiments using shorter, loudness enhancement-like tone 
durations to learn the extent to which loudness recalibration is manifested during 
the region of temporal integration of loudness. 
Why does loudness recalibration and assimilation exist? What function 
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do these processes perform? From an evolutionary standpoint, loudness 
recalibration and assimilation may be useful in auditory object identification 
(Yost 1991) or auditory scene analysis (Bregman 1990). The general idea is 
that our hearing mechanism has evolved to sort acoustical information impinging 
on our ears into a coherent set of objects. To perform this task, the hearing 
mechanism must be able to group like sounds into one object and also separate 
unlike sounds into separate objects. Loudness recalibration and assimilation 
processes may facilitate this task by making sounds of similar level be perceived 
as even more alike (assimilation) while sounds that are moderately different in 
level and frequency be perceived as being even more different (loudness 
recalibration). That recalibration is frequency dependent while central tendency-
based assimilation is independent of frequency differences means the two 
processes will not cancel each other out. An interesting question is whether 
loudness recalibration and assimilation are pre-streaming (i.e., stream 
facilitators) or post-streaming (i.e., occur within streams) processes. In other 
words, do the processes of loudness recalibration and assimilation help 
segregate sounds into distinct auditory objects or do they operate on objects 
after segregation has taken place. More experiments are required to better 
understand the relationship between loudness recalibration, assimilation and 
sound source segregation. 
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Future Work 
As mentioned in the previous section, additional experiments should be 
performed to disentangle loudness recalibration and assimilation effects, both at 
longer central tendency generating tone durations and at shorter loudness 
enhancement-like tone durations. One possible experimental design would be 
to perform loudness comparisons using various recalibration tone, comparison 
tone and silence interval durations. This experiment should reveal a form of 
time and intensity tradeoff in the production of loudness recalibration and 
assimilation. At certain combinations of tone levels and durations both effects 
should cancel leaving no net recalibration or assimilation. 
Another unresolved result of experiments I and 111 is the nature of the 
relatively small yet nonzero recalibration or fatigue-like effect at the 500 Hz, 80-
dB SPL comparison level condition, when the recalibration tone level equals the 
comparison tone level. This result may be due to a small amount of induced 
adaptation. More details on the nature of this effect could be obtained by 
running similar equal recalibration and comparison tone level conditions at a 
variety of levels to determine whether the amount of fatigue reduces to zero with 
decreasing level or whether it remains constant. Some other fatigue-like 
mechanism would be suggested if the effect disappears at lower levels. In 
addition, it may be worth testing again whether the loudness recalibration 
procedure could produce a threshold shift; this time using a longer durat_ion 
recalibration sequence so as match the amount of high level energy in the 80-dB 
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SPL comparison tone condition. 
Individual trial sequences in experiments I and Ill indicate that the onset 
of loudness recalibration is very rapid. A few pilot trial sequences were run to 
measure the temporal decay properties of loudness recalibration using a simple 
modification of the adaptive tracking procedure in experiments I and Ill. In this 
modified procedure the recalibration trials preceded the baseline trials. 
Preliminary results indicate no decay of loudness recalibration during the 
sequence of 80 post-recalibration trials. This suggests that the decay time of 
loudness recalibration is very long. More experiments are needed to fully 
characterize this effect. 
Modeling 
The ultimate goals of these experiments are to understand the 
mechanisms underlying loudness recalibration and to be able to predict their 
behavior. A vehicle for predicting phenomena is computational modeling. By 
creating models of the phenomena we study, we effectively "close the loop" on 
the entire research endeavor. The models we create help us to formulate the 
structure of the mechanisms we study and also suggest experiments to further 
our understanding. In turn the data from our experiments help improve our 
models and the cycle repeats itself. 
The most direct way to model loudness recalibration is to modify the 
Fletcher and Munson/Zwicker/Moore and Glasberg loudness model. This could 
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be done by adding a post-processing block that (functionally) incorporates our 
understanding of loudness recalibration. Alternatively, a physiologically-inspired 
neural model could be created to model many loudness phenomena. More 
details of how this could be done and the experimental data required to verify 
such a model have been discussed by Mapes-Riordan and Yost (1997). Another 
approach, as suggested by Weiler et al. (1995), is to use adaptation-level (AL) 
theory (Helson 1964) to explain loudness recalibration and assimilation effects. 
Perhaps AL mechanisms could be used as the basis for an improved loudness 
model that incorporates both loudness recalibration and assimilation. 
APPENDIX A 




Listener Instructions for Loudness Comparison Experiments 
Two Experiments: 
In experiment one your task is to determine which test interval contains the tone. 
The program will notify you whether you were correct (green) or incorrect (red). 
Your job is to be correct as often as you can. 
In experiment two your task is to determine which test interval contains the 
louder tone. There is no feedback in this test, since loudness is a subjective 
measure. Your job is to consistently compare the loudness between the two 
tones and respond accordingly. 
Each experiment lasts about nine minutes. You will take turns running the 
experiment in one of the designated booths. Please wait in the lobby when it is 
not your turn. During a day's session (90 minutes), you should perform 
experiment one three times and experiment two once. 
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